First and foremost, production analysis techniques require accurate rate and bottomhole pressure histories. In most cases the pressure history of the well is not measured directly at the bottomhole condition, but is calculated from surface measurements by the use of single or multiphase flow correlations. In some cases significant error is introduced through the use of these correlations. This paper evaluates the magnitude of such errors for oil and gas producers with regard to the estimation of flow capacity, completion efficiency, and effective drainage area. Synthetic cases are used as control sets in order to evaluate the sensitivity of the results to the various multiphase flow correlations and flowing conditions. In addition to synthetic (simulated) performance behavior, field cases are presented and the variance in estimated reservoir and completion properties is evaluated.
Introduction
Production analysis techniques can be used to provide an understanding of the flow capacity of a well, the completion efficiency of a well, and the effective drainage area (or volume). As a methodology, these techniques treat the long term production of a well as an extended constant rate drawdown test in order to interpret the well performance and to estimate the reservoir and well parameters. The well established analysis/interpretation techniques require both accurate production rates and flowing bottomhole pressures.
In most cases the flowing bottomhole pressure is not measured directly, but is calculated based on the measured (surface) tubing pressure profile and flow rate data. Pressure drop correlations for multiphase flow are used to "convert" the surface pressure profile into a bottomhole pressure profile suitable for analysis and interpretation. Depending on the (multiphase flow) pressure calculation method that is selected, as well as the producing conditions, significant errors in the calculated flowing bottomhole pressure can (and will) result -which affects the estimation of reservoir/well parameters.
Three synthetic (simulation) cases were constructed for the purpose of serving as control data sets for this study. Each case represents a single well reservoir producing from the center of a radial flow geometry system. These simple scenarios are used to avoid any multiwell (interference) effects, as well as partial or irregular boundaries, etc.
Specifically, the cases considered for this study include:
• Fracture stimulated well, low permeability gas reservoir, • Unfractured well, low permeability oil reservoir, and • Unfractured well, high permeability oil reservoir.
An appropriate multiphase correlation for each case was selected to control the simulator. The actual rates and bottomhole pressures were used to validate the production analysis techniques. New bottomhole pressures were then calculated utilizing different multiphase flow correlations, and the evaluation process was repeated. The results of each analysis were compared to the parameters used in the simulator in order to establish the conclusions in this paper. As a comprehensive statement, the results of this work highlight the need for to acquire flowing gradients periodically to calibrate the multiphase flow correlation.
Background Theory
The use of well production data to characterize reservoir performance has been utilized by the oil industry for many years. Early application of this technology is based on the empirical equations presented by Arps 1 for rate-time decline curve analysis (semi-log rate-time plots). Decline curve analysis used the historical rate-time data of a given well to predict the future performance of that well.
Production analysis techniques utilize time, rate, and pressure data to develop an interpretation and analysis, which provides estimates of reservoir properties and effective drainage area of a given producing well. This is accomplished by treating the long term production from the well as a variable rate transient test. During the life of the well, both rates and pressures change continuously -however, the analytical solutions typically employed in production analysis require either constant rate or constant pressure production behavior. In order to overcome this issue, an equivalent time function must be incorporated into the analysis to account for the continuous changes in rates and pressures. Palacio 
For the gas well case, the average reservoir pressure profile must be known (or estimated) in order to calculate the correct equivalent time function. However the drainage area must be known in order to calculate the average reservoir pressure from material balance. Therefore, gas production analysis is inherently iterative in nature.
Various plots are available to determine the effective drainage area (or volume) of the well. For oil wells, a plot of dimensionless rate (q Dd ) versus dimensionless cumulative production (Q Dd ) will form a straight line with an intercept of 1. For this plot q Dd and Q Dd are defined as: For gas wells, a plot of reciprocal dimensionless pressure (1/p wD ) versus dimensionless cumulative production based on drainage area (Q DA ) will result in a straight line with an intercept of 1/2π during boundary dominated flow. 3 The accuracy and frequency with which production and pressure data is gathered is the major limitation on the successful application of production analysis. Insufficient rate and pressure data through the transient period limits the accuracy of the analysis/interpretation -and can lead to poor estimates of reservoir properties.
If the bottomhole pressure is not measured directly with time, then we must estimate/calculate the bottomhole pressure profile from surface pressures utilizing multiphase flow correlations. A brief discussion of the correlations used for this study follows below.
The accuracy of any bottomhole pressure calculation is dependent on the quality of the input data. The largest component of pressure drop in a well is normally the hydrostatic pressure constituent, which is dependent on oil, gas, and water specific gravities, as well as the ratios of each fluid phase relative to the other phases (GOR, WOR, GLR, etc).
For multiphase flow, the pressure drop correlations develop their character from the manner in which the fluid density gradient is determined. The typical results from a number of standard correlations for oil and gas producers are shown in Figs. 1 and 2. These graphs depict the results of 16 flow correlations (refs. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] which have been published in the literature. For reference, Brill 23 provides further discussion of these methods, their accuracy and applicability.
For the purpose of this paper, the Hagedorn and Brown 16 correlation was used as the basis for simulation of the oil cases. This method was chosen because the Hagedorn and Brown method typically predicts pressure gradients that fall near the midrange value of the solutions offered by all of the pressure correlations. In other words, the Hagedorn and Brown method provides a consistent response of better than average accuracy. Using the Hagedorn and Brown method allows the effect of predicted pressures greater and less than the actual pressure to be evaluated with production analysis. For the gas case, the method proposed by Reinicke, et al. 21 was used. This method was developed for gas wells producing free water.
Simulation Cases (Synthetic Performance)
Three simulation cases were constructed and used as control sets to test the sensitivity of the production analysis results due to the errors introduced in the bottomhole pressure estimates from different multiphase flow correlations. In all cases the well is in the center of the simulation grid. The gas case uses a square simulation grid -this case includes a hydraulic fracture. The oil cases (unfractured wells) are modeled using a radial grid. Table 1 presents the reservoir parameters common to all cases and Table 2 presents the specific parameters for each case.
Simulation Case 1
Simulation case 1 is the case of a hydraulically-fractured well in a low permeability gas reservoir. The simulation model was initialized with a flow capacity of 2 md-ft and an in-place gas volume of 1,868 MMscf. For this case, the gas production rate was controlled by setting a maximum rate of 5,000 Mscf/D and a minimum flowing tubing pressure of 50 psia.
The Reinicke, et al. multiphase flow correlation was used to construct the tubing performance curves for the simulation run. The water rate for this case was determined using a constant 10 Bbl/MMscf water-gas-ratio (WGR).
Commercially available production analysis software was used to analyze the simulation results, which yielded estimates of the reservoir flow capacity and effective drainage volume of the well. The "rate-cumulative production" plotting technique was used to estimate the effective drainage volume for a given well. This technique was found to be very accurate as the resulting calculated volume was within 1 percent of the actual volume. The reservoir flow capacity was estimated to be 1.83 md-ft (using type-curve matching), where this result is within 10 percent of the actual value. Figures 3 and 4 present the "type curve" matches for this case.
The flow rates and tubing pressures obtained from the simulation model were used to calculate the flowing bottomhole pressure responses for the well based on industry accepted multiphase flow correlations. Sixteen different correlations were used to estimate the flowing bottomhole pressure for the well. The new (bottomhole) pressure estimates were then used to estimate the flow capacity and effective drainage volume for the well.
The production analysis results for each correlation are summarized in Table 3 . Most of the correlations yielded acceptable errors in the estimate of flow capacity and in-place volumes. For the purposes of this work, an unacceptable error is considered to be an error in excess of 10 percent. Correlations resulting in greater than a 10 percent error in inplace volume were Baxendell 7 , Chierici 10 and Poettmann 20 . The Baxendell and Poettmann correlations which were developed primarily for use with oil wells resulted in errors in excess of 200 percent. These two correlations significantly over predicted flowing bottomhole pressures through the life of the well, and were found to have an increasing (pressure) slope after about one hundred days of production. Figure 5 compares the calculated bottomhole pressures to the actual bottomhole pressures for these three methods. As a result of over predicting the flowing bottomhole pressure, the flow capacity of the well is overestimated.
In general, if the multiphase flow correlation overestimates the bottomhole pressure, then the estimated flow capacity will also be high. The slope of the flowing bottomhole pressure with time during boundary dominated flow controls the inplace volume estimate. An example of this would be the Kaya 17 correlation in Fig. 6 . This correlation under predicts flowing pressures, which results in a large negative error in flow capacity, but this approach accurately predicts effective drainage volume. In Case 1 the impact of water yield was also explored -to test sensitivity we increased the water yield to 50 Bbl/MMscf. Despite the increase in water, the calculated bottomhole pressures were similar to the previous evaluation as illustrated by Fig. 7 .
Simulation Case 2
Simulation case 2 is the case of an unfractured well in a low permeability oil case. The model was initialized with a flow capacity of 200 md-ft and for this case the oil production was controlled by setting a maximum oil rate of 500 Bopd and a minimum flowing tubing pressure of 50 psia. As noted earlier, the Hagedorn and Brown 16 multiphase flow correlation was used to construct the tubing performance curves for this simulation run.
The drainage area was estimated from a plot of dimensionless rate versus dimensionless cumulative production as described earlier. Figure 8 illustrates the typical shape of the q Dd versus Q Dd plot and we note that the effective drainage area for the well can only be determined using production analysis after the well has reached boundary dominated flow. Boundary dominated flow was reached in this case after 48 days of production as evidenced by the vertical marker on the plot. We note an abrupt change in slope of the q Dd -Q Dd plot after boundary dominated flow.
It should be noted that for this case the flowing bottomhole pressure fell below the bubblepoint pressure near the end of the simulation run, which caused a gas accumulation in the near well region. This accumulation causes a change in the late time slope of the q Dd -Q Dd plot. For this case, where the pressure declined below the bubblepoint pressure, the very late time data should not be used to estimate the drainage area for this well. We also note that, for this analysis, we assumed that the total system compressibility was a constant based on the initial pressure condition. This simplifying assumption introduced a slight error in the estimated drainage volume of the well -the effective drainage volume based on the simulated bottomhole pressure was found to be 6.96 MMbls versus an actual value of 7.4 MMbls (i.e., the input volume)
The flow capacity of the well was estimated from type curve matching the data in the transient flow period, again using a commercially available production analysis program. The reservoir flow capacity was found to be 208 md-ft or approximately 4 percent higher than the input value.
The flow rates and tubing pressures from the simulation model were used to calculate flowing bottomhole pressure for this well, utilizing industry accepted multiphase flow correlations. As in Case 1, sixteen different multiphase correlations were considered in this work. The production analysis results for each correlation are summarized in Table 4 . Most of the correlations resulted in unacceptable errors (> 10 percent) in the estimate of flow capacity and in-place volumes.
Only the algorithms of Ansari and Fancher provided estimates of flow capacity that were within 10 percent error. Five correlations resulted in in-place fluid volume estimates which were within 10 percent of the input value.
A performance review of the multiphase flow correlations provides some insight into these conclusions. The correlations depicted in Fig. 9 all yield a similar bottomhole pressure at a rate of 500 Bopd. Therefore the flow capacity determined by each of these methods should be (approximately) the same value. In Fig. 10 , the slope of the bottomhole pressure versus flow rate at the point where boundary dominated flow is established controls the estimate of the in-place volume.
Lines of constant slope were positioned over the three methods in this plot to illustrate this concept. Recall that the correlation presented by Hagedorn and Brown 16 was used to establish the results in the control model -therefore, the slope (obviously) matches this method. The correlation of Chierici, et al. 9 exhibits a shallower slope, which results in a higher estimated in-place volume. Conversely, the Cornish 10 correlation exhibits a steeper slope, which results in a lower estimate for in-place volume. Figure 10 also illustrates the previous conclusion for flow capacity -the Chierici, et al. correlation over predicts bottomhole pressure and also over predicts flow capacity, while the opposite is observed for the Cornish correlation.
Simulation Case 3
Simulation case 3 represents the higher permeability oil case. The model was initialized with a flow capacity of 2,000 md-ft. For this case the oil production was controlled by setting a maximum oil rate of 1,500 Bopd and a minimum flowing tubing pressure of 50 psia. The Hagedorn and Brown 16 multiphase flow correlation was again used to construct the tubing performance curves for the simulation run.
The drainage area was estimated from a plot of dimensionless rate versus dimensionless cumulative production (i.e., q Dd versus Q Dd ). The effective drainage area for the well can be determined from production analysis after the well has achieved boundary dominated flow. Boundary dominated flow was reached in this case after approximately 5 days of production (a product of the higher formation permeability) Since boundary dominated flow was reached in such a short time period, the pressures in the model remained relatively high and well above the bubblepoint pressure. Fig. 11 shows the bottomhole pressure versus rate performance for the16 multiphase flow correlations evaluated. In this case the results were in better agreement than the results observed in Case 2 because the primary flow regime in the tubing was single phase liquid.
It should be noted that the flowing bottomhole pressure dropped below the bubblepoint pressure near the end of the simulation run, which as with the previous case, caused a gas accumulation in the near well region. This accumulation causes a change in the late time slope of the dimensionless rate versus dimensionless cumulative production plot which complicates the analysis of these data, as illustrated in Fig. 12 . For this analysis we assumed that the total system compressibility was constant, evaluated at the initial pressure condition. As with Case 2, this assumption caused a slight error in the estimated drainage volume of the well. The effective drainage volume based on the simulated bottomhole pressure was found to be 6.96 MMbls versus an input value of 7.4 MMbls.
The flow capacity of the well was estimated from type curve matching the data in the transient flow period using a commercially available production analysis program. The reservoir flow capacity was found to be 1,990 md-ft which is slightly lower than the input value. The production analysis results for each correlation are summarized in Table 5 .
Seven of the correlations resulted in unacceptable errors in the estimate of flow capacity for this case (i.e., errors > 10 percent). The errors were somewhat less than those found in the low permeability oil case. The Aziz 5 and Griffith 15 correlations yielded the highest errors in flow capacity for this case. Both of these correlations over predict pressures at early times, which results in an over prediction of flow capacity.
Half of the correlations resulted in unacceptable error in the estimate of in-place volume. 
Field Example 1
This well is producing from a sandstone reservoir at a depth of 15,000 ft with an average porosity of 9 percent, water saturation of 35 percent, and net pay of 100 ft. The initial reservoir pressure was 5000 psia. The well was fracture stimulated upon initial completion, and had an initial production rate of approximately 3.0 MMscf/D of wet gas and 120 Bw/D. Typical permeability values for this reservoir range from 0.01 md to 0.1 md.
No measured bottomhole pressures exist for this well. Twophase flow correlations were used to estimate the flowing bottomhole pressure profile for this case -and, due to the condensate and water production from the well, the pressure correlations resulted in a large variations in the estimated bottomhole pressures. These results are shown in Fig. 13 .
The effective gas permeability obtained using production analysis for this case ranged from a low of 0.03 md to 0.2 md -where these values lie with the generally expected range of permeabilities for this reservoir. The effective fracture half length ranged from a low of 18 ft for the high permeability interpretation to a high of 289 ft for the low permeability interpretation. The effective drainage volume obtained from the normalized pressure plot averaged 1.5 Bscf over all of the correlations. The results for each correlation are summarized in Table 6 .
Field Example 2
This well is producing from a sandstone reservoir at a depth of 12,000 ft with an average porosity of 12 percent, water saturation of 35 percent, and net pay of 34 ft. The initial reservoir pressure was 4900 psia. The well had an initial production rate of approximately 350 Bopd, with a gas oil ration of 1100 scf/Bo. As with the previous field case, no measured bottomhole pressures exist for this well. Multiphase flow correlations were used to estimate the flowing bottomhole pressure profile for the well. Figure 14 illustrates the range of flowing bottomhole pressures calculated for the well. The effective gas permeability obtained from production analysis for this well ranged from a low of 4.5 md to 7.1 md, with and average of 5.6 md. The effective drainage volume obtained from the normalized pressure plot ranged from 1.34 MMbo to 2.91 MMbo and averaged 1.5 Bscf considering all correlations. The results for each correlation are summarized in Table 7 . Observations and Conclusions 1. Multiphase flow correlations that over predict flowing bottomhole pressure also over predict flow capacity. The converse is true for methods that under predict bottomhole pressure. 2. The slope of the bottomhole pressure versus rate relationship for a multiphase flow correlation is related to the calculated in-place volume during boundary dominated flow. Slopes which are too high result in under prediction of in-place fluid volume, while slopes which are too low result in over prediction of in-place fluid volume. 3. For tight gas reservoirs, the drawdown in the system is very high -therefore, any errors in the calculated bottomhole pressure have less effect on the flow capacity estimate.
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